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Global Positioning System (GPS) has been widely used to estimate the total zenith tropo-
spheric delay (ZTD) and precipitable water vapour (PWV) for weather prediction and at-
mospheric research as a continuous and all-weather technique. However, estimations of
ZTD and PWV are subject to effects of geophysical models with large uncertainties,
particularly imprecise ocean tide models of inland seas in Turkey. In this paper, GPS data
from Jan. 1, 2010 to Dec. 31, 2011 are processed using GAMIT/GLOBK at four co-located GPS
stations (ISTN, ERZR, SAMN, and IZMI) with Radiosonde from the Turkish Met-Office
together with several nearby IGS stations. Four widely used ocean tide models are adopted
to evaluate their effects on GPS-estimated PWV, such as IERS recommended FES2004,
NAO99b, CSR4.0 and GOT00. Five different strategies are taken without ocean tide model
and with four ocean tide models, respectively, which are used to evaluate ocean tide
models effects on GPS-estimated PWV through comparing with co-located Radiosonde.
Results showed that ocean tide models have greatly affected the estimation of the pre-
cipitable water vapour at stations near coasts. The ocean tide model FES2004 gave the best
results when compared to Radiosonde with ±2.12 mm in PWV at stations near coastline.
While other ocean tides models agree each other at millimeter level in PWV. However, at
inland GPS stations, ocean tide models have less effect on GPS-estimated PWV.
© 2016, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The total zenith tropospheric delay (ZTD) is the difference
of the optical and geometric path in the zenith between the
GPS satellite and the receiver over the station, including them (G. Gokhan).
ute of Seismology, China
er on behalf of KeAi
ina Earthquake Administra
ss article under the CC BYdry zenith delay (ZHD) and the zenith wet delay (ZWD). The
first one depends on the atmospheric pressure, which can be
computed with the pressure value of the station directly and
accurately, and the second one is computed by subtracting
ZHD from ZTD. Then the ZWD is converted to the precipitable
water vapour (PWV). Therefore, the PWV from GPSEarthquake Administration.
tion, etc. Production and hosting by Elsevier B.V. on behalf of KeAi
-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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geophysical models, while ocean tide effect is one of errors [1],
especially GPS station near the ocean coast.
Since the GPS site heights and the ZTD are strongly
correlated, estimations of ZTD and PWV are subject to ef-
fects of geophysical models with large uncertainties in
complex Earth system [2], particularly imprecise ocean tide
models of inland seas in Turkey. Therefore, the ocean tide
effects on GPS site heights must be carefully modelled to
obtain reliable ZTD [3e5]. Accurate ocean loading models
are important for precise geodetic positioning, in particular
for sub-daily positions [6], and the determination of polar
motion and UT1 parameters [7] as well as ZTD. Because
the GPS-estimated ZTD have been widely used for
meteorological and climatological applications (e.g. Bevis
et al. [8], Duan et al. [9]), ocean loading must be accurately
modelled in order to provide accurate tropospheric delay
estimations that meet the accuracy requirements of GPS
meteorology applications [1,10]. In this study, the effect of
ocean tides on GPS-estimated PWV is investigated without
or with the different ocean tide models in Turkey near
the Mediterranean Sea and Black Sea. In Section 2,
data processing and methods are introduced. Some
results of the OTL models effects on GPS-estimated PWV
are presented in Section 3. Finally, conclusions and
suggestions are given.Table 1 e Processing parameters.
Parameter Value
Choice of experiment RELAX
Interval zenith delay 1 h
Zenith constraints 0.50
Elevation cut-off angle 10
Dry and wet mapping function VMF1
Ephemeris IGS-Final
Antenna model ELEV
Met obs source Real met values
Applied tides ATM, ATML, OTL
Table 2 e Strategies of different ocean tide models.
Strategy Ocean tide model
A FES2004
B NAO99b
C GOT00
D CSR4.0
E No-OTL2. Data processing and methods
In this study the GAMIT/GLOBK software [11] is used to
estimate the ZTD and other parameters with the
constrained batch last squares inversion procedure. Orbit
ephemeris is obtained from final International GPS service
(IGS). By parameterizing the ZTD as stochastic variation of
the Saastamoinen model, a piecewise linear interpolation
between solution epochs is done [12]. The new Vienna
Mapping Function (VMF1) is used, which was developed by
ray-tracing through actual meteorological data (the ECMWF
global data) rather than using best-fitting values to
radiosonde data (e.g., the NMF) or just some atmospheric
parameters (such as the IMF) [13]. In order to investigate
various effects on GPS PWV estimates, different processing
strategies are used, including different widely used ocean
tide models, such as IERS recommended FES2004, NAO99b,
CSR4.0 and GOT00. The FES2004 is the product of
assimilation of the altimetric data of TOPEX/POSEIDON and
the data of a global tide gauge network. Data assimilated in
FES2004 are mainly concentrated in high-latitude regions,
where the meteorologically forced sea surface variations are
the most energetic. In addition, some data were removed
from the assimilation set because of their strong
contamination by non-tidal dynamics [14]. The NAO99b
representing 16 major constituents with a spatial resolution
of 0.5 has been estimated by assimilating about 5 years of
TOPEX/Poseidon altimetry data into the barotropic
hydrodynamic model. The accuracy of the ocean tide
estimation, especially in shallow waters, has been improved
in NAO99b [15]. The CSR4.0 model is based upon 239 cycles
(6.4 years) of TOPEX/Poseidon altimetry. Then TOPEX/Poseidon altimetry was used to solve corrections of CSR3.0
orthoweight in 2  3 spatial bins (2 latitude). The
orthoweight corrections were then smoothed by convolution
with a 2-d gaussian for which the full-width-half-maximum
(FWHM) was 2.3. The smoothed orthoweight corrections
were output on the 0.5  0.5 grid of CSR3.0 and then added
to the CSR3.0 values to obtain the new model. And the
GOT00 is again long wavelength adjustments of FES94.1
using TOPEX/Poseidon data at 0.5  0.5 grid. The GOT00 is
different from FES94.1 in the polar region because ERS1/2
data are used in the assimilation process. Full list of
processing parameters is shown in Table 1 as well as
strategies in Table 2.
Here, GPS data from Jan. 1 2010 to Dec. 31 of 2011 are
processed with GPS network in Fig. 1, including IGS sites
(ZECK, SOFI, ORID, ISTA, ANKR, and NICO) and 4 co-located
GPS stations with radiosonde stations (Erzurum, Istanbul,
Samsun, and Izmir) from Turkish CORS Network called
TUSAGA-Active. Also the International Earth Rotation
Service (IERS) solid Earth tide and pole tide model, and a
10 elevation cut-off angle are used in data processing.
Radiosonde observations are obtained from University of
Wyoming Department of Atmospheric Science's website. The
coordinates of the stations are computed by processing 7 days
of observations of the prior GPS week [16]. Then, these
coordinates were fixed, and the total zenith tropospheric
delays are estimated every hour, which can be split into
hydrostatic (ZHD) and wet (ZWD) component of the delay [17].
GPS-estimated ZHD values are directly related to the at-
mospheric pressure and the height (in km) above the geoid. At
first, the hydrostatic part of the troposphere was calculated
from the real hourly meteorological parameters, which are
obtained from Turkish met-office. And then ZWD can be
obtained after extract ZHD from ZTD.
Fig. 1 e Co-located radiosonde and GPS stations. The arrow lengths stand for the amplitude of annual ZTD variations and
the phases are counted clockwise from the north.
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t_Util by Bevis Tm model. The Bevis model is based on the
mean temperature of the water vapour, and estimates the
PWV as a function of the surface temperature formula as
follows [18]:
PWV ¼
Y
ZWD (1)
where
Y
¼ 10
6
rRv

k3=Tm þ k'2
 (2)
where r is density of liquidwater Rv is the specific gas constant
for water vapour, k3, k'2 are physical constants, Tm is the mean
temperature of the atmosphere, which can be computed from
surface temperature as Tm ¼ 70.2 þ 0.72Ts [8].3. Results and analysis
3.1. PWV from GPS and Radiosonde
Radiosonde is one of the primary techniques of upper-air
observations. Radiosonde observations are applied to
a broad spectrum of efforts. Data applications include
the input for computer-based weather prediction models;
local severe storm, aviation, and marine forecasts;
weather and climate change research; input for air pollution
models; ground truth for satellite data. At precisely the
same time each day (00:00 and 12:00 UTC), radiosondes are
routinely operated to the sky. Through international
agreement, the 400e406 MHz and 1675e1700 MHz
bands of the electromagnetic spectrum are reservedexclusively for these tiny airborne weather stations to radio
back to the Earth. In this study, four Radiosonde stations
in Turkey are used with co-located GPS stations, and
PWV at four stations are obtained from Radiosonde obser-
vations. For example, Fig. 2 shows PWV time series from
GPS and Radiosonde at ERZR station, which have a
good agreement with each other, and the RMS is
at millimeter level in PWV at inland-located stations, like
ERZR.
3.2. Effects of OTL models on GPS-estimated PWV
In order to obtain the influence of tide models on the
precipitable water vapour, five different GPS solutions were
performed. The ocean tide model FES2004 is the product of
assimilation of the altimetric data of ERS2, TOPEX/
POSEIDON and the data of a global tide gauge network, and it
gives the most accurate results when compared to radio-
sonde with ±2.12 mm in PWV at stations near the coastline.
Most effected GPS station is ISTN with ±2.12 mm in PWV
(Fig. 3). It is located in Istanbul city at the Sea of Marmara
coast which is affected by both the Mediterranean Sea and
the Black Sea.
The results obtained from the FES2004 OTL model
(strategy A) are the most accurate with the smallest
standard deviation at each GPS station. Results obtained
from NAO99b (strategy B) and GOT00 (strategy C) are also
quite accurate when compared to CSR4.0 (strategy D) and
no-OTL (strategy E). While SAMN station (Fig. 4), which is
located in Samsun city near the coast, has different effects
from OTL strategies (Fig. 3), and ERZR station, which is
located in Erzurum city (inland Turkey), has no such effect
(Fig. 2).
Fig. 2 e PWV time series from GPS and Radiosonde at ERZR station (a), residuals between GPS and Radiosonde (b).
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FES2004, GOT00, NAO99b, and CSR4.0 solutions has been
seen at inland GPS station like ERZR (Table 3). However, at
stations like ISTN and IZMI near coastline, this situation is
different.
As an example at ERZR station, which is located Erzurum
in inland Turkey, GPS-estimated PWV values has a
good agreement with radiosonde PWV values (Fig. 5).
As seen in Fig. 5, correlations between GPS-estimated
PWV and radiosonde are nearly 0.97 in each strategy.3.3. Seasonal PWV variations
In order to find the annual and semi-annual variations of
PWV time series derived from GPS, the following harmonic
function is used:Fig. 3 e RMS of mean differences between GPS-estimated PWV
and Radiosonde.PWVt ¼ aþ
X2
i¼1

Si sin

2pðt t0Þ

pi þ 4i
þ 3t (3)where t is the time (days), t0 is Jan. 1, 2010, a is the constant
term, Si, pi, 4i are the amplitude, period, and phase at periods
i (¼1 year, 0.5 year), respectively, and 3t is the residual. Using
the least square method, the annual and semi-annual am-
plitudes, phases and uncertainties of the GPS-estimated
PWV are determined (see Table 4 and Fig. 1). It has shown
that the PWV values have a strong seasonal signal which
agree well with nearly all strategies used in this study.
Fig. 1 shows annual amplitudes and phases of the PWV
for used stations in Turkey with FES2004 (blue), NAO99b
(red), GOT00 (green), CSR4.0 (black) for the period of
2010e2012. The arrow lengths stand for the amplitude of
annual ZTD variations and the phases are counted
clockwise from the north. It has found that the first threeusing different ocean tide models and without OTL model
Fig. 4 e Histograms of PWV differences between Radiosonde and GPS estimations at SAMN station.
Table 3 e Correlations and RMS values with respect to radiosonde.
FES2004 NAO99b GOT00 CSR4.0 No-OTL
Corr RMS Corr RMS Corr RMS Corr RMS Corr RMS
ERZR 0.97 1.147 0.97 1.147 0.97 1.148 0.97 1.146 0.97 1.147
ISTN 0.97 2.121 0.96 2.322 0.96 2.322 0.94 2.522 0.94 2.599
IZMI 0.97 1.593 0.97 1.594 0.95 1.896 0.95 1.994 0.95 2.011
SAMN 0.96 1.503 0.97 1.705 0.97 1.502 0.96 1.901 0.95 2.092
g e o d e s y and g e o d yn am i c s 2 0 1 6 , v o l 7 n o 1 , 3 2e3 836OTL models have good agreement both on annual amplitude
and annual phase (Table 4). The computed difference of
annual phase between first three OTL models at all GPS
stations is 1e2, while CSR4.0 has large difference. The
annual cycle of PWV changes estimated by all the
strategies reaches maximum values in about March. The
annual amplitudes at all stations are similar and largeFig. 5 e Correlation of GPS-estimated PWV and radiosonde
results at ERZR station.annual amplitude is located at SAMN station (Table 4),
which is at the coast of Black Sea.4. Conclusion
The effects of OTL models on GPS-estimated PWV are
investigated and compared with radiosonde PWV at 4 co-
located stations in Turkey from Jan. 1 2010 to Dec. 31 of 2011.
Using different OTL models (FES2004, NAO99b, CSR4.0 and
GOT00), the RMS of PWV difference is always better than those
without OTL model at the stations near the coastline of
Turkey. However, for stations near coastline, there are
apparent differences between different OTL models. The
ocean tidemodel FES2004 that is the product of assimilation of
the altimetric data of TOPEX/POSEIDON and the data of a
global tide gauge network, gave the best results when
compared to radiosonde with ±2.12 mm in PWV at stations
near coastline. However, at inland GPS stations, ocean tide
models have less effect on GPS-estimated PWV. Results ob-
tained from NAO99b (strategy B) and GOT00 (strategy C) are
also quite accurate when compared with CSR4.0 (strategy D)
and no-OTL (strategy E). Themean effect of ocean tidemodels
on PWV estimations is about 0.5e1 mm. Therefore, it
is important to use accurate ocean tide models when
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meteorological applications, especially the stations near
coastline.
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